Abstract. Autochthonous and allochthonous resources are known to differ in nutritional quality and trophic support for aquatic food webs, but it is less clear how these high-and low-quality resources interact to affect trophic transfer and consumer production. We conducted 30-d feeding trials to investigate the resource assimilation, somatic growth, and fatty-acid (FA) composition of the widespread benthic generalist isopod Asellus aquaticus, in response to different ratios of low-quality allochthonous (leaf litter) to highquality autochthonous diets (algae). Wet mass growth of Asellus was lowest when fed 100% leaf litter or algae (0.53 AE 0.46 and 0.55 AE 0.57 mgÁg À1 Ád
INTRODUCTION
The relative importance of basal energy sources that sustain lake communities has gained much attention in recent decades, especially in face of a changing climate. Apart from altering air and water temperature regimes, climate change is also expected to enhance terrestrial plant growth, degradation, and so the inputs of colored dissolved organic matter (OM) from soil to freshwater ecosystems (i.e., brownification of inland waters; Larsen et al. 2011) . Lake brownification is predicted to be most severe at high latitudes of the northern hemisphere (Bates et al. 2008 , Larsen et al. 2011 . It likely will change the balance in relative availability of basal resources -that is, in situ autochthonous primary production and allochthonous OM-and their trophic support for food webs in northern lakes . The quality and quantity of these resources can affect food-web efficiency and ecosystem productivity, and the transfer of energy and nutrients from basal resources to primary consumers is a key process that improves the food quality for subsequent trophic levels. Recently, the relative trophic support for aquatic consumers by autochthonous and allochthonous resources has been vigorously debated (e.g., Brett et al. 2009 , Cole et al. 2011 , Lau et al. 2014 , Tanentzap et al. 2017 , mostly due to the uncertainty around mechanisms driving allochthonous resource use in consumers (Berggren et al. 2015 ). Yet, the differences in diet quality between these resources, particularly in terms of fatty acids (FA), are relatively well established (Goedkoop et al. 2000 , Guo et al. 2016 , Brett et al. 2017 .
Long-chain (with ≥20 carbon (C) atoms) omega-3 (x3) and omega-6 (x6) polyunsaturated FA (PUFA) are increasingly used as a measure of food quality, as they support important physiological functions for various consumers (Twining et al. 2016) . For example, both arachidonic acid (ARA, 20:4x6) and eicosapentaenoic acid (EPA, 20:5x3) are precursors of eicosanoids, which regulate cellular immune responses, egg production, laying and hatching, and spawning in arthropods and mollusks (Stanley-Samuelson 1994, Brett and M€ uller-Navarra 1997) . Docosahexaenoic acid (DHA, 22:6x3) can enhance the development of neural and sensory tissues (e.g., in the brain and eyes; Brett and M€ uller-Navarra 1997) . Predators and scavengers that actively search for prey have particularly high levels of DHA (Goedkoop et al. 2000) . Because of the importance of these long-chain x3 and x6 PUFA, their availability in basal resources can determine the efficiency of trophic transfer and the biomass production of consumers in aquatic ecosystems (M€ uller-Navarra et al. 2000 (M€ uller-Navarra et al. , 2004 .
The allochthonous and autochthonous resources in aquatic ecosystems differ in nutritional quality. Algae are regarded as a higherquality food, as they can de novo synthesize long-chain PUFA and so have higher PUFA levels than does terrestrial OM (Guo et al. 2016 , Taipale et al. 2016a , Brett et al. 2017 ). Higher plants of terrestrial origin contain a greater proportion of saturated FA. While these plants can synthesize short-chain (with <20 C) PUFA such as a-linolenic acid (ALA, 18:3x3), they lack the enzymes to convert ALA to EPA and DHA (Brett and M€ uller-Navarra 1997) . Within the algal group, the quality can also vary with taxonomic identity (Taipale et al. 2013 (Taipale et al. , 2016b and season (Ahlgren et al. 1997, Honeyfield and Maloney 2015) . For instance, chlorophytes and cyanophytes contain virtually no EPA or DHA, but diatoms are rich in DHA and EPA (Taipale et al. 2013 (Taipale et al. , 2016b . A diet with PUFA-rich diatoms and cryptophytes can promote faster zooplankton growth compared to that with PUFA-deficient cyanophytes (Brett and M€ uller-Navarra 1997) . M€ uller-Navarra (1995) reported intraspecific variation in PUFA level, which was linked to phosphorous limitation in culture, for a diatom and a chlorophyte species. In addition, M€ ullerNavarra et al. (2000, 2004) provided empirical evidence that lake trophic state can influence PUFA composition and diet quality of seston for zooplankton, and so the overall trophic-transfer efficiency. Phytoplankton composition and quality can show considerable seasonal variation; for example, phytoplankton PUFA content is higher during diatom blooms in spring and autumn (Ahlgren et al. 1997) . Thus, algal PUFA supply is dependent on algal species composition that varies with season and/or trophic state of aquatic ecosystems.
Despite that terrestrial OM is lower in food quality compared to algae, it is generally more prevalent and known to support consumer production at various extent in aquatic ecosystems (e.g., Carpenter et al. 2005 , Jansson et al. 2007 , Berggren et al. 2015 . Allochthonous OM in lakes can occur in particulate or dissolved forms. While dissolved OM likely enters pelagic food chains via the microbial loop (Azam et al. 1983) , particulate OM can be directly consumed by benthic invertebrate shredders and detritivores, and even zooplankton (Cole et al. 2006 , Brett et al. 2009 , Taipale et al. 2014 , 2016a . The abundance of terrestrial OM in northern aquatic ecosystems often varies seasonally, mainly due to higher inputs of plant detritus during autumn and dissolved OM from catchments during spring ice melts ( Agren et al. 2008 , Berggren et al. 2015 . Modeling and field studies using stable-isotope approaches have indicated variable allochthony in benthic invertebrates (9-85%; Cole et al. 2006 , Weidel et al. 2008 , Lau et al. 2014 , zooplankton (0-80%; Grey et al. 2001 , Carpenter et al. 2005 , Berggren et al. 2015 , and fish (0-80%; Carpenter et al. 2005 , Weidel et al. 2008 , Babler et al. 2011 , Tanentzap et al. 2014 , Batt et al. 2015 in boreal lakes. Allochthony of lake consumers, for example, zooplankton, can particularly depend on the quantity of terrestrial OM exported from surrounding catchments and the amount of in-lake primary production that are often related to lake trophic state, morphometry, and catchment characteristics (e.g., forest cover and extent of land-water interface; Tanentzap et al. 2014 Tanentzap et al. , 2017 . Despite the observed allochthony of consumers in the field studies, results from manipulative feeding experiments have shown that allochthonous OM or bacteria (i.e., organisms responsible for trophic upgrading of allochthonous OM) alone are unable to sustain growth or reproduction of zooplankton (Brett et al. 2009 , Wenzel et al. 2012a , b, Taipale et al. 2014 ) and benthic consumers (Kainz et al. 2010 , Lau et al. 2013 . Fitness of these consumers, however, can be substantially improved when dietary algae are present. It is also reported that zooplankton (Daphnia magna (Daphniidae)) use terrestrial OM for production more efficiently when phytoplankton (i.e., Cryptomonas ozolinii (Cryptophyceae) or Scenedesmus obliquus (Chlorophyceae)) are simultaneously available (Brett et al. 2009 , McMeans et al. 2015 and that the benthic isopod Asellus aquaticus (Asellidae) grows faster with a mixed diet of algae and terrestrial plant litter than with a diet of either food type alone (Lau et al. 2013 ). Yet, none of these studies have directly quantified food assimilation into the consumers. It is still unclear how consumer production and quality (i.e., FA composition) are related to the relative assimilation of high-and lowquality dietary components and whether the assimilation of allochthonous OM can be facilitated by the co-assimilation of algae (or vice versa) to promote consumer growth (i.e., synergistic effects).
The ability for consumers to co-assimilate food resources of contrasting quality is ecologically important, as it can optimize resource utilization and trophic-transfer efficiency in food webs, particularly in systems with low primary productivity or high allochthonous inputs. Also, upon brownification, the in-lake primary production likely will become more limited by light availability (Seekell et al. 2015) , consequently shifting the ratio between allochthonous and autochthonous resources available for consumers. This study aimed to compare the resource use, somatic growth, and PUFA accumulation of Asellus aquaticus (Linnaeus, 1758; hereafter Asellus) subjected to different dietary ratios of low-quality allochthonous OM (as represented by conditioned leaves of Betula pendula Roth (Betulaceae)) to high-quality autochthonous resources (as represented by commercial algal flakes). Asellus is widespread in boreal freshwaters. It has a variety of diet and has been classified as a detritivore (Grac ßa et al. 1994) , shredder, or grazer (Moog 2002 ). Yet, Asellus has been shown to be selective in diet choice. For example, it prefers diatoms over cyanobacteria (Moore 1975) . It may occasionally consume invertebrate prey or scavenge their dead bodies, so it has a relatively high overall PUFA content compared to other herbivores or detritivores, and its FA composition is similar to common benthic invertebrate predators in boreal lakes (Lau et al. 2012) . Asellus can be a valuable prey item for fish (Rask and Hiisivuori 1985) and invertebrate predators due to its high PUFA content (Lau et al. 2012) . Therefore, the resourceuse strategy of Asellus can have strong impacts on boreal lake food chains. In this study, we hypothesized that (1) Asellus has higher growth and relative proportions of essential PUFA (e.g., EPA:total FA, EPA:x3, DHA:x3, and ARA:total FA) when receiving higher proportions of algae in their diet, and (2) terrestrial OM is assimilated more efficiently by Asellus when algae are provided in diet, such that less algae are required for attaining the same growth as do isopods fed solely algae.
METHODS Asellus collection and experimental setup
Adult Asellus individuals of 6.6 AE 0.8 mm (mean AE SD) body length and 9.2 AE 3.2 mg wet weight were collected from Nydalasj€ on (63. 8218°N , 20.3479°E) in northern Sweden in early ❖ www.esajournals.orgOctober (autumn) 2016. Nydalasj€ on is an oligotrophic boreal lake (concentrations of total nitrogen (N) = 366.8 AE 17.5 lg/L, total phosphorous = 16.5 AE 1.7 lg/L, and total organic C = 7.7 AE 0.2 mg/L; n = 3; surface water samples collected together with Asellus sampling). It has a surface area of 1.64 km 2 and an average depth of <5 m. Despite being an oligotrophic lake, the primary and consumer productions in Nydalasj€ on are likely limited by light instead of nutrients, as its concentration of dissolved organic C (which constitutes >90% of the total organic C) is higher than 4.8 mg/L (a threshold above which northern lakes shift from nutrient limitation to light limitation; Karlsson et al. 2015 , Seekell et al. 2015 . Asellus were sampled from shallow littoral habitats (≤0.4 m depth), by sweep netting among plant detritus and macrophytes. At the time of sampling, the water temperature was 7.3°C, with a dissolved oxygen level of 9.3 mg/L and pH of 6.85. After collection, the animals were acclimatized in aerated tap water in laboratory without food for 3 d to allow for gut evacuation prior to size measurements and feeding trials. Acclimatization and feeding trials were undertaken within a climate chamber with a 12-h:12-h light:dark cycle and air temperature of 11.5 AE 0.1°C (mean AE SD).
After acclimatization, the Asellus individuals were measured for initial body length and blotdried wet mass. Length measurements were performed using a stereomicroscope. In total, 385 Asellus were randomly allocated into 35 plastic aquaria (length 9 width 9 height = 15 9 10.5 9 8.5 cm) subjected to seven diet treatments (i.e., five replicate aquaria each; Table 1), with 11 individuals in each aquarium. Asellus individuals were not sexed before or after the feeding trials, so sex ratios in treatment replicates were unknown and assumed normally distributed. Egg-bearing females were not observed during the feeding trials. This was consistent with the finding by € Okland (1978) that Asellus does not reproduce in late autumn and winter in Swedish boreal lakes. The treatments (i.e., A-G) covered a gradient in autochthonous:allochthonous food ratio, but with the same total food dry mass supplied. An additional 100 collected Asellus were randomly divided into seven replicates, with 12-18 individuals each, and kept at À20°C for subsequent stable-isotope and FA analyses to provide initial data with which the experimentally fed Asellus could be compared. The aquaria were randomly placed in the climate chamber. Water (1.3 L per aquarium) and food were renewed every 2 d, and Asellus were checked for mortality daily. Dead individuals were removed to prevent cannibalism. Only one fatality occurred (in treatment B) throughout the 30-d feeding period. Asellus in two aquaria (one each of treatments C and E) were accidentally mixed during water renewal, so these replicates were omitted in all data analyses. At the end of the feeding trials, the isopods were starved for 3 d for gut clearance, then measured for body length and wet mass, and stored at À20°C before stable-isotope and FA analyses.
Food preparation
Leaf litter of Betula pendula was used as the allochthonous food of low nutritional quality for the experimental Asellus. B. pendula is common in boreal forest and substantially contributes to detrital inputs to freshwater ecosystems. Fallen leaves of B. pendula were collected from the riparian of Nydalasj€ on, dried at room temperature in the laboratory for 14-21 d, and cut into disks of 25 mm diameter using a hole punch to standardize the surface area which was similar to that of the algal flakes. The leaf disks were then conditioned in pre-filtered (11 lm mesh size) and aerated lake water in the climate chamber for 14-21 d prior to feeding Asellus, with the water renewed every 3 d. This conditioning process allowed the lake microbial communities to colonize and degrade the leaf disks. Based on measurements of 1230 disks, the leaves lost 19.4% AE 1.3% dry mass after 14-d conditioning. The commercially available algal flakes Notes: Each treatment had five replicate aquaria, with 11 individuals in each aquarium. Algal dry mass was calculated based on the total dry mass of conditioned leaf disks in each treatment.
❖ www.esajournals.org(Tetraphyll, Tetra Holding Melle, Germany) were applied as the algal diet of high quality for Asellus. The nutritional quality of algal flakes may not be fully comparable to that of the natural algal community. Yet, they contain similar FA compositions (e.g., percentages of ALA, ARA, and EPA) as do benthic algae in boreal freshwaters (Torres-Ruiz et al. 2007 , Lau et al. 2013 . Also, algal flakes offer a practical method of standardizing food ration and surface area across treatments and had been used in other feeding trials (Lau et al. 2013) . A subset of conditioned leaf disks were dried and weighed to determine the total dry mass of algae needed in each treatment ( Table 1 ). The total dry mass of food (297.4 AE 0.9 mg) exceeded the combined wet mass of Asellus per aquarium (105.3 AE 6.4 mg) to avoid food limitation.
Stable-isotope and FA analyses
All Asellus samples (i.e., both initial reference and those from feeding trials), conditioned leaf disks, and algal flakes were freeze-dried. Asellus individuals were pooled in each replicate. Dried Asellus and algal samples were pulverized using a mortar and pestle, and leaf-litter samples were homogenized using an electric coffee mill (OBH Nordica, Stockholm, Sweden). Approximately 1.0 mg Asellus samples and 2.5 mg leaf-litter and algal samples were weighed into tin capsules using a microbalance (Mettler Toledo) and analyzed for stable C and N isotopes (i.e., d
13 C and d 15 N) using an elemental analyzer interfaced to a continuous flow isotope ratio mass spectrometer Sercon, Cheshire, UK) (Parnell et al. 2010) . In SIAR, iterations of 500,000 and a burn-in size of 50,000 were used. Modes of SIAR posterior distributions were further used to calculate the relative contributions of leaf litter (SIP leaf ) and algae (SIP algae ) to Asellus growth: SIP leaf = LL p /(LL p + AG p ) and SIP algae = 1 À SIP leaf , where LL p and AG p are mode SIAR outputs of leaf litter and algae, respectively.
A modified method based on Lau et al. (2014) was adopted for FA analysis. Approximately 10.0 mg dried samples were weighed into microcentrifuge tubes (1.5 mL volume). The samples were re-hydrated with three drops of nano-filtered water, added with 20 lL internal standard deuterium-labeled pentadecanoic acid (120 ng/lL; C/ D/N Isotopes, Essex, UK) and 400 lL 3:2 (v:v) hexane-isopropanol extraction solution, and vortexed. Two metal beads were added, and the solution was shaken in a mixer mill (Mixer Mill MM 400, Retsch GmbH, Haan, Germany) at 30 s À1 for 120 s to homogenize the samples. The metal beads were removed, and 111 lL 6.67% Na 2 SO 4 was added. The solution was vortexed, kept at 4°C for 30 min, and centrifuged at 18,845 9 g for 5 min to separate the organic and aqueous phases. 150 lL supernatant was extracted and dried in an evaporator at room temperature and vacuum conditions for 2 h (miVac Quattro Concentrator, Genevac, Ipswich, England).
The lipid extract was then re-dissolved in 50 lL hexane, added with 70 lL internal standard deuterium-labeled methyl heptadecanoate (8.57 ng/lL; Sigma-Aldrich Sweden AB, Stockholm, Sweden), and vortexed. 30 lL of the lipid solution was methylated in 200 lL of 1:17:83 (v: v:v) trimethylsilyldiazomethane:isopropanol: dichloromethane in a 2.0-mL glass vial with an insert (300 lL volume). The solution was vortexed, and then, the vial was uncapped to let the ❖ www.esajournals.orgreaction proceed for approximately 16 h and let the solution dry at room temperature. Finally, the FA methyl esters were dissolved in 20 lL hexane containing internal standards tridecane and octacosane (10 ng/lL each) and vortexed. Concentrations of FA methyl esters were analyzed with a gas chromatography-mass spectrometry (7890A GC, Agilent Technologies, California, USA; Pegasus High Throughput TOF-MS, Michigan, USA) installed with a DB-5 capillary column (length 30 m, internal diameter 250 lm, film thickness 0.25 lm; Agilent Technologies). The Supelco 37 Component FAME Mix (Sigma-Aldrich Sweden AB, Stockholm, Sweden) was used as the standard to identify individual FA. Splitless injection of 1 lL was applied for each sample. Inlet temperature was 260°C, and the oven temperature was set at 70°C for 2 min, followed by an increase of 10°C/min to 200°C, 5°C/min to 270°C, and then 30°C/min to 320°C which was finally maintained for 8 min. Helium was used as the carrier with a constant flow rate of 1.0 mL/min. For unknown reasons, no FA (including internal standards) was detected for two treatment replicates (one in each of F and G). These two replicates were excluded from data analysis.
Specific bacterial FA (i.e., iso and anteiso 15:0 and 17:0) were not included in our analysis. Lau et al. (2013) reported only very small quantities of these bacterial FA from conditioned leaf litter (0.0003% of total FA), and their concentrations were lower in Asellus fed leaf litter and/or algae than in the initial Asellus populations. These suggest that bacterial FA were not preferentially accumulated in Asellus and that bacteria were not the main trophic channel for Asellus to assimilate leaf litter or algae. Therefore, in this study, we focused on PUFA that are most influential on consumer growth and trophic transfer, and other abundant FA groups such as saturated and monounsaturated FA, instead of iso and anteiso bacterial FA. The Supelco 37 Component FAME Mix that we used for FA identification in this study already contained a general bacterial FA, that is, monounsaturated cis-10-heptadecenoic acid (17:1; Wenzel et al. 2012a, b) .
Data analysis
Mean length and mass growth rates of Asellus from each replicate aquarium after the feeding trials were calculated using the formula: (X f À X i )/(X i 9 30), where X f and X i are the mean final and initial length or mass values, respectively, and 30 is the length (d) of the feeding period.
We also calculated the expected growth of Asellus from treatments B to F by using diet ratios provided and the observed mean growth rates of Asellus fed 100% leaf litter (treatment A) or algae (treatment G) as references: E exp1 = (A obs 9 P leaf ) + (G obs 9 P algae ), where E exp1 is the expected growth in wet mass or length, A obs and G obs are observed mean growths in treatments A and G, respectively, and P leaf and P algae are diet proportions of leaf litter and algae provided, respectively.
Further to this, the expected growth responses of Asellus from treatments B to F were also determined using assimilation data based on stable isotopes and SIAR, and observed growth data of Asellus fed 100% leaf litter (treatment A) or algae (treatment G) as references: E exp2 = (A obs 9 SIP leaf ) + (G obs 9 SIP algae ), where E exp2 is the expected growth measure in wet mass or length.
Differences in Asellus growth in body length and wet mass among diet treatments were tested using one-way analysis of variance (ANOVA) and Tukey's test for post hoc comparisons. To meet the assumptions (homoscedasticity) of ANOVA, the natural logarithm was used for length data, while the weight data were homoscedastic. The data were normally distributed according to Q-Q plots. Linear regression was used to test whether proportions of key long-chain PUFA (i.e., EPA:x3 FA, EPA:total FA, DHA: x3 FA, and ARA:total FA) in tissue increased with growth of Asellus. All statistical analyses were performed in JMP 13.1.0 (SAS Institute, Cary, North Carolina, USA).
RESULTS
The wet mass growth of Asellus fed 10% algae (treatment B; 4.95 AE 0.51 mgÁg À1 Ád À1 , mean AE SE) was highest among the treatments and was >9 times higher than that of isopods fed only a single diet (treatments A and G; 0.53 AE 0.46 and 0.55 AE 0.57 mgÁg À1 Ád À1 , respectively; ANOVA: F 6,26 = 9.73, P < 0.001; Fig. 1a ). Mass growth of Asellus fed 10% algae was not significantly different from those fed 20-50% algae (treatments C-E; ranging from 2.79 AE 0.79 to 4.54 AE 0.50 mgÁg À1 Ád À1 ), but Asellus tended to grow slower with dietary algal proportions increasing from 10% to 100%. Asellus fed 100% leaf litter or algae did not differ in growth rate (Tukey's comparisons, P > 0.05: Fig. 1a ). Of these two diet treatments, Asellus in two replicate aquaria each lost wet mass after the 30-d feeding, although the overall growth rates among replicates were positive.
The pattern of length growth was similar to that observed in mass growth of Asellus. The isopods fed 10-30% algae had higher length growth (ranging from 2.75 AE 0.22 to 3.94 AE 0.42 lmÁmm À1 Ád À1 ) than those received a sole leaflitter (2.25 AE 0.13) or algal diet (1.50 AE 0.07 lmÁmm À1 Ád À1 ; ANOVA: F 6,26 = 16.07, P < 0.001; Fig. 1b) . Asellus tended to grow slower in body length when dietary algal proportion increased from 10-30% to 50-70%, but their length growth did not differ among these treatments (i.e., B-F). d 13 C and d 15 N signatures of the food sources were distinct. On average, leaf litter was 9.46& more 13 C-depleted and 9.58& more 15 N-depleted than algae (Table 2) . d 13 C and d 15 N values of initial field Asellus were À24.4 AE 0.3& (mean AE SD) and 2.0 AE 0.1&, respectively, while those of Asellus from the feeding trials varied among treatments (d 13 C range: À23.2 AE 0.1& to À24.6 AE 0.6&; d 15 N range: 1.7 AE 0.4& to 3.6 AE 0.3&; Table 2 ). d 13 C variations of Asellus in treatments A and G were higher (SD: 0.6& and 0.5&, respectively) compared with those in treatments B to F (SD range: 0.1-0.4&). This was likely due to the more variable responses in assimilation and/or physiology of Asellus when they were fed a single food (i.e., 100% leaf litter or algae) that was apparently not an ideal diet based on the growth data. Results from stable isotopes and SIAR models revealed consistent diet patterns of Asellus across the treatments. When algae were provided, they contributed to ≥94% of Asellus mass growth regardless of the algal proportion (i.e., 10-100%; Fig. 1 ; Appendix S1). This reflects that Asellus preferentially assimilated algae rather than leaf litter for growth, even though there was only a small proportion of dietary algae. The expected mass growth of Asellus based on leaf litter:algae ratio provided (E exp1 ) was similar to that based on leaf litter:algae assimilated (E exp2 ; Fig. 2a ; Appendix S2). However, for expected length growth of Asellus, E exp1 gradually declined with increasing dietary algal proportions ( Fig. 2b ; Appendix S2), while E exp2 was lower than E exp1 and showed only little variation in each treatment given the consistent pattern in algal assimilation. The difference between expected and observed growth rates of Asellus generally declined with increasing algal proportions supplied (Appendix S2). Overall, the observed growth of Asellus in treatments B to F was higher than the predictions based on growth and isotope data of Asellus from treatments A and G, suggesting that both leaf litter and algae are important dietary components and they have synergistic effects on Asellus growth.
The PUFA proportions were similar between leaf litter and algae (19.2% AE 1.3% and 19.3% AE 0.3% of total FA, respectively; mean AE SE; Table 3 ). Long-chain PUFA (specifically EPA and DHA) were absent from leaf litter, indicating that there was only minimal or even no colonization of algal communities from filtered lake water during the leaf conditioning process. Linoleic acids (LA, 18:2x6) comprised a large proportion (88.6 AE 1.6%) of total PUFA in leaf litter. Among the PUFA in algae, LA was the most dominant (51.6 AE 0.6%), followed by DHA (31.1 AE 0.6%) and EPA (6.0 AE 0.2%). The bacterial FA marker cis-10-heptadecenoic acid (17:1) occurred only at low concentrations (<1%) in both leaf litter and algae (Table 3) Fig. 3a) . This was owing to the relative increases in all major FA groups, that is, saturated, monounsaturated, and polyunsaturated FA. Cis-10-heptadecenoic acid was absent in all Asellus (including the initial reference; Tables 3 and 4), reflecting that bacteria were not the major trophic pathway for Asellus to assimilate leaf litter or algae (see also Lau et al. 2013) . The overall proportions of PUFA (as a percentage of total FA) were consistent between initial (13.7% AE 0.2%) and experimental Asellus (range: 14.2% AE 0.5% to 16.0% AE 0.6%). Yet, concentrations of certain FA in Asellus decreased after diet manipulations. Asellus from treatments A, B, D, and G had lower tissue concentrations of x3 FA than did the initial samples, primarily due to lower EPA levels (ranged from 0.44 AE 0.01 [treatment D] to 0.59 AE 0.06 mg/g Fig. 2 . Expected and observed growth rates (mean AE SE) in (a) wet mass and (b) body length of Asellus from treatments B to F. E exp1 and E exp2 , expected growth rates calculated based on leaf litter:algae provided in diet, and relative assimilation of leaf litter and algae in Asellus, respectively (see Methods). Obs, observed growth rates.
[treatment G]; Tables 3 and 4, Fig. 3b ). In contrast, DHA concentrations were higher in most treatment samples. For x6 FA, while ARA became depleted in Asellus after the feeding trials, LA was accumulated in Asellus and was 1.4-4.6 times of that recorded for initial field Asellus (Tables 3 and 4, Fig. 3c ). As a result, the fed Asellus showed a net accumulation of x6 FA.
The x3:x6 FA ratio of Asellus was consistent among treatments A to F (range: 0.17 AE 0. Tables 3 and 4 ). Yet, Asellus from treatment G had an elevated x3:x6 FA ratio (0.37 AE 0.02).
This was due to the relatively low concentration of LA, which was the main PUFA present in leaf litter. Asellus from treatment F had relatively high concentrations of most FA, particularly oleic acid (18:1x9) which was >4 times higher than that of the field-collected Asellus. The EPA:x3, EPA:total FA, and ARA:total FA decreased with increasing mass growth of Asellus (Fig. 4a, c, d ). The reduction in EPA proportions was likely due to the increase in DHA proportions among the x3 FA (Fig. 4b) , as EPA concentrations in Asellus among treatments were relatively similar (Tables 3 and 4) . 
DISCUSSION
Our results only partly support the first hypothesis and showed that a mixed diet of leaf litter and algae significantly enhanced Asellus growth, but the isopod grew faster with a smaller dietary proportion of algae relative to leaf litter. Based on stable isotopes and assimilation data, growth of Asellus fed a mixed diet was still mainly supported by algae. These results together indicate that the trophic-transfer efficiency of algae to Asellus was optimized when leaf litter was predominant. Egg-bearing females and reproduction of Asellus were not observed during our feeding trials, yet previous manipulative feeding studies have shown that crustaceans with higher growth rates also have higher reproductive outputs (Brett et al. 2009 , Wenzel et al. 2012a . Our results therefore suggest that high-quality autochthonous and low-quality allochthonous dietary components in tandem can have synergistic effects on Asellus fitness and that the growth response of Asellus is not only related to food quality or quantity but also to how different dietary components are assimilated and used for different Table 4 . Fatty-acid compositions (mg FA/g dry mass; mean AE SE) of Asellus after the 30-d feeding trials (C-G). physiological activities (e.g., catabolism and anabolism). The growth response of Asellus to dietary algal proportions observed in our study contrasts with that found in herbivorous zooplankton. For example, growth and reproduction of Daphnia magna increased with increasing dietary algal proportions (from 0% to 100%) when the daphnids were fed algae in combination with particulate allochthonous OM (Brett et al. 2009 , Taipale et al. 2016a or bacterioplankton (Wenzel et al. 2012a, b) , while Asellus had optimal growth at 10% dietary algae in our study. This contrast reflects the differences in resource-use strategy adopted by pelagic and benthic primary consumers. Nevertheless, our result is ecologically relevant and could be attributed to adaptation of Asellus to the resource dynamics in boreal lakes, where allochthonous OM commonly dominates over algae although the relative availability of these resources varies temporally and spatially. It is likely that the requirements of Asellus for autochthonous and allochthonous dietary components are synchronized with the relative resource availability. Our second hypothesis is also partly supported by the results. Leaf litter might be assimilated more efficiently by Asellus when dietary algae were present but based on the isotope results, it was not used for somatic growth. Also, Asellus fed solely leaf litter changed only little in both d 13 C and d 15 N when compared to the initial reference individuals (mean differences were À0.22& and À0.33&, respectively; Table 2), strongly indicating that leaf litter was not a favorable food and N source for Asellus growth. We conjecture that, even though the organic compounds (e.g., saturated and monounsaturated FA, cellulose) of leaf litter were assimilated, they were preferentially catabolized for energy production of Asellus likely because they contain high energy content (Taipale et al. 2016a , Brett et al. 2017 . In this study, Asellus supplied with leaf litter (as the sole food source or in a mixed diet) tended to have higher levels of long-chain (≥20 C) saturated FA than did Asellus fed only algae. These FA were more abundant in leaf litter and could have served as an energy source for cellular respiration and catabolism of Asellus (Sargent et al. 2002) . When high-energy organic compounds from allochthonous resources were lacking but long-chain PUFA from algae were not limiting, that is, as the case in treatment G, Asellus could have used PUFA for energy production at a comparatively lower efficiency that Table 3 for details of FA groups.
was insufficient to support fast anabolism and growth (Sargent et al. 2002 , see also Lau et al. 2013 . Although dietary saturated FA (or other high-energy organic compounds) and PUFA might be assimilated by Asellus at different rates, the catabolism and turnover of assimilated saturated FA could be faster than those of PUFA (which were preferentially accumulated for growth), therefore leading to our observation that the assimilation of leaf litter by Asellus was not enhanced with the co-assimilation of algae.
While the overall PUFA proportions relative to total FA remained similar, the PUFA composition of Asellus changed after the feeding trials in comparison with the initial field reference individuals. Contrary to our expectations, Asellus with higher growth rates tended to have lower EPA: x3 FA, EPA:total FA, and ARA:total FA ratios, despite that tissue EPA and ARA concentrations in Asellus were relatively similar among treatments. The reduction in EPA and ARA proportions was likely a result of the accumulation of DHA (except in treatment A) and LA (in all treatments). To a certain extent, these findings are consistent with those from a diet manipulation study by Lau et al. (2013) who reported EPA and ARA depletions in an autumn Asellus population after feeding with 100% algae or litter, or a mixture of both (50% each) for 30 d. However, in contrast to Lau et al. (2013) , the DHA level of Asellus increased after the feeding trials in our study, and this increase was positively correlated with the growth rate of Asellus. The DHA level of Asellus has been reported to be more similar to that of invertebrate predators (e.g., megalopteran Sialis lutaria (Sialidae) and dipteran Chaoborus flavicans (Chaoboridae)) which are richer in DHA compared to benthic grazers and detritivores (e.g., Trichoptera, Ephemeroptera; Lau et al. 2012 Lau et al. , 2014 . These findings and our results together suggest that Asellus has greater DHA demands than do other benthic primary consumers and that when dietary EPA is not limiting, Asellus tends to accumulate DHA.
DHA retention of Asellus could be linked to support for its visual or other sensory functions. ) of Asellus after the 30-d feeding trials. Goedkoop et al. (2000) found that invertebrate predators (e.g., C. flavicans and Procladius sp. (Chironomidae)) in light-limited benthic habitats have particularly accumulated DHA. Also, there are known differences in DHA retention between unselective feeders (e.g., herbivorous zooplankton) that are less dependent on cognitive functioning and more selective foragers such as fish predators that require DHA for vision and perception to hunt and avoid detection (Bell et al. 1995 , Sargent et al. 2002 . In our study, the preferential retention of DHA when algae were scarce could be a physiological response of Asellus to improve its success in finding high-quality algae. It also could be a physiological adaption of the autumn Asellus population to compensate for light-deficient conditions imposed by impending ice coverage and decreasing daylight in late autumn and winter. Taken together, we postulate that during autumn, Asellus makes use of assimilated terrestrial OM for catabolic activities, from which the energy produced is used for its somatic growth and development of neural and sensory tissues (i.e., anabolism) concurrently with DHA accumulation from dietary algae.
The same type of algal resource was applied among all mixed-diet treatments in our study, but taxonomic and FA compositions of algae are known to change with lake environmental conditions. For instance, increases in terrestrial OM (i.e., brownification) can limit light availability and hinder the production of DHA-rich phytoplankton such as dinoflagellates and chrysophytes, but promote the dominance of Gonyostomum semen (Raphidophyceae) that has strong defense against zooplankton grazing (Taipale et al. 2016b , Lau et al. 2017 . These changes will limit trophic transfer at pelagic habitats, so fish tend to have stronger reliance on benthic food chains to sustain growth and production in darker lakes (Lau et al. 2017) . Brownification also will alter thermal regimes of lakes upon climate change. Although the effect of temperature was not investigated in this study, we speculate that lake warming will further reduce production and nutritional quality of pelagic consumers, because proportions of long-chain PUFA in phytoplankton are lower in warmer conditions (Hixson and Arts 2016) . If similar FA responses to warming are expected in benthic algae, the resource-use strategy and DHA accumulation of Asellus can be highly beneficial for subsequent trophic levels of the littoral food chains.
Overall, our study presents the novel finding that allochthonous OM facilitates the trophic transfer of autochthonous resources to Asellus and thereby enhances somatic growth and nutritional quality of the isopod. This facilitation mechanism potentially improves the food-web efficiency at littoral benthic habitats and can be common given the widespread distribution of Asellus and other asellid isopods in temperate freshwaters. It also implies that the quality (i.e., body size and FA composition) of Asellus as a prey for higher trophic levels can fluctuate according to the relative availability of high-and low-quality basal resources: When algae are in low supply, Asellus accumulates DHA and grows fast, while algae are abundant Asellus has relatively higher EPA proportions but compromises with slower growth. These fluctuations in Asellus quality, however, possibly do not affect its importance for the predators which generally have greater demands for both EPA and DHA (Sargent et al. 2002 , Twining et al. 2016 . In particular, visual predators such as fish may develop bigger eye size in lakes that are dominated by allochthonous OM (Bartels et al. 2016) , Asellus therefore can be a valuable prey to supply DHA for these predators to sustain their eye development, and visual functions and prey capture at light-limited conditions. The DHA accumulation by Asellus at low algal availability likely can strengthen the overall adaptive ability of littoral benthic food chains and support the production of higher trophic levels in face of reducing in-lake light availability resulted from lake brownification.
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